In this study, a cough cycle is reproduced using a computational methodology. The Eulerian wall film approach is proposed to simulate airway mucus flow during a cough.
Introduction
Coughing is a natural reflex that protects the lungs and airways against infections and mucus retention; it is usually a subsequent symptom of colds, and it is caused by inflammation and infection of the larynx, trachea and/or lower airways. In addition to the common cold, bronchitis, chronic obstructive pulmonary disease (COPD), cystic fibrosis, and asthma can also generate coughing (Trebbia et al. 2005 ; Hargreave & Parameswaran 2006 ; Serisier et al. 2009 ; Bucca et al. 2010 ) . Coughing is present in many diseases and is one of the most common reasons that patients seek medical services (Iyer & Lim 2013 ; Paul et al. 2014 ) .
A cough starts with an inspiratory phase, which is characterised by the contraction of the diaphragm and larynx muscles (see Figure 1 ). This phase may be absent depending on the activation area of the cough reflex. This phase is followed by a brief compressive phase, in which the laryngeal adductor muscles close the glottis, and the expiration muscles contract forcefully. Thus, the glottis is suddenly reopened while the expiratory muscles continue with a forceful contraction, producing the characteristic expulsive phase. This violent expulsive phase produces the characteristic sound and may even cause damage to the airways. There are slight differences between the coughing activation and flow patterns that are generated from the larynx vs. the trachea (Piirilä & Sovijärvi 1995 ; Nishino 2000 ; Fontana & Lavorini 2006 ). Page 2 of 24 Taylor&Francis | e.Proofing
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The airway surface liquid (ASL) covers the respiratory system. The thickness of the ASL varies throughout the different areas and can dramatically change with some respiratory diseases. It has a mean value of approximately 30 μm (Matsui et al. 1998 ; Lai et al. 2009a ).
Mucus is formed by two main layers: a periciliary layer and a mucus gel layer (Smith et al. 2008 ; Fahy & Dickey 2010 ; Lee et al. 2011 ) (Figure 2 ). Rheologically, mucus exhibits viscoelastic behaviour; therefore, different results are obtained with different applied stresses or deformation frequencies. Viscosity is the most important parameter affecting the mucus clearance processes. Healthy mucus is a gel with low viscosity and elasticity that is easily transportable via ciliary action (Fahy & Dickey 2010 ) . However, some diseases alter these values; for example, it is known that severe bronchitis and infections can increase mucus viscosity such that patients exhibit great difficulty with mucus clearance (Dulfano et al. 1971 ; Lai et al. 2009b ). Typical muco-ciliary transport rates in the trachea range from 7 to 14 mm/min (Morgan et al. 2004 ) . In healthy individuals, clearance of the entire tracheobronchial tree is completed within 24 h (Lippmann et al. 1980 ) due to a balance in secretion and clearance. The modelling of muco-ciliary transport in the human respiratory tract is a difficult task (Smith et al. 2008 ; Lee et al. 2011 ) . The second mechanism for the expulsion of mucus from the airways is cough clearance (Basser et al. 1989 ; Vasquez & Forest 2015 ) .
According to the experimental results provided by Gupta et al. ( 2009 ) , the duration of a single cough in a healthy male is approximately 0.4-0.5 s, and this process can be characterised by three parameters: the cough peak flow rate (CPFR); the moment when CPFR is reached, peak velocity time (PVT); and cough expiratory volume (CEV).
The CPFR is used to assess the effectiveness of a cough. When this parameter is below 160 L/min, a cough is considered inefficient and becomes a risk factor for respiratory problems (Torres-Castro et al. 2014 ) .
Most regions of the airway do not allow the direct measurement of internal flow patterns.
In this context, computational fluid dynamics (CFD) techniques have emerged to evaluate the aerodynamics inside the respiratory system. The experimental results (Ma et al. 2009 ; Mylavarapu et al. 2009 ; Holbrook & Longest 2013 ) have shown that airflow in airways can be simulated by CFD techniques with acceptable accuracy. All of these studies assume incompressible flow and that the airway geometry is considered rigid, due to the difficulty of modelling deformable walls.
The cough clearance process is a multiphase phenomenon. From the perspective of CFD simulations, it is difficult to use classical models, such as the volume of fluid or Eulerian -Eulerian multiphase methods. Recently, a new formulation, the Eulerian wall film (EWF) model, has been developed for thin films adhered to walls. The EWF model allows for the prediction of the evolution of thin fluid films on the surface of walls. Although it is a relatively recent development, it has been successfully used in the prediction of condensation, evaporation and the movement of fuel films subjected to shear forces from the gas phase in gas turbines (Ingle et al. 2014 ) . This method allows the computationally inexpensive calculation of the main interactions between a flow and a liquid film sliding on a wall.
Previously, detailed investigations of coughs associated with different respiratory diseases from a medical perspective have been published (Hargreave & Parameswaran 2006 ;  Page 4 of 24 Taylor&Francis | e.Proofing 27/06/2016 http://tandfproof.sps.co.in:8080/oxe_tf_v3/printpage.php?token=bw60l-SG5A-mGMy... Schellack & Labuschagne 2014 ) . Previous experimental studies have focused on mucus clearance (Agarwal et al. 1989 ; Hassan et al. 2006 ) and droplet dispersion (Zhu et al. 2006 ) .
In a different line of research, many simulation studies have focused on wall shear stress in airways (Green 2004 ) , on the importance of considering the deformation of membranes (Fin & Grebe 2003 ; Bhattacharya & Siegmund 2013 ) , and on droplet dispersion (Aliabadi et al. 2010 ; Redrow et al. 2011 ) . However, to the best of our knowledge, there are no previous CFD studies that reproduce the unsteady process with a flexible geometry and evaluate cough clearance effectiveness.
In this research study, the cough clearance process has been analysed using Fluent's EWF model. The transient evolution of mucus thickness during a cough was calculated.
Deformation of the trachea was considered using a dynamic mesh technique. Transient cough airflow was modelled using the values of Gupta et al. ( 2009 ) ; additionally, the cough efficiency (CE) of healthy airways was compared with different respiratory disease conditions.
Methodology
EWF model equations for the mucus layer
In this section, the EWF approach for the mucus layer is presented. To take advantage of the EWF model capabilities, the mucus structure was simplified into a single equivalent layer, as described by the right side of Figure 2 . The conservation laws for the mean airflow in the upper airways, continuity Equation ( 1 ) and momentum Equation ( 2 ), were solved together with the mucus film equations, where ρ and μ are the air density and viscosity, respectively, is the velocity vector of air, p is the air pressure, and the gravity vector.
(1)
The main assumption is that the mucus flow is a thin layer dominated by viscosity; therefore, the flow is nearly unidirectional, which allows the determination of an analytical solution for the velocity profile. This model was adapted to the specific conditions of the v⃗ g⃗
cough mucus clearance process, where the wall shear stress at the film-air interface is the main effect of the clearance process.
In this context, the continuity equation for a two-dimensional film in a three-dimensional domain, Equation ( 3 ), can be written as: (3) where z is the film height, S is the surface gradient operator, is the mean film velocity, ρ f is the film density, and is the mass source per unit of wall surface. The differential equation for the film momentum, Equation ( 4 ), is given by: (4) where p f is the film pressure, is the gravity component normal to the surface, is the viscous shear force at the mucus-air interface, and is the momentum source term associated with droplet interactions. The pressure term is calculated following Equation ( 5 ), where p gas is the gas pressure, ρ is the air density, is the normal vector, is the gravity vector, and σ is the surface tension.
The film equations (Equations ( 3 )- ( 5 )) are solved on the airway surface in local coordinates. The thin film assumption is usually made using the Eulerian film modelling approach because the thickness of the film is small compared with the radius of the curvature of the surface. Consistent with these findings, the liquid films that formed can be considered flowing parallel to the wall, with an assumed parabolic profile, and the fluid properties do not vary across the coordinates normal to the wall.
Numerical modelling
Most of the airflow in a cough flows through the mouth; therefore, only the upper airways from the trachea to the mouth were examined in this work. Simplified geometries may be used for this purpose, as shown by Johari et al. ( 2013 ) . To validate the model used and to enable monitoring of the cough clearance studies, the geometry was obtained from the Kleinstreuer and Zhang study ( 2003 ); however, the trachea was softly blended with the work of Malvè et al. ( 2010 ) for a more realistic study, as shown in Figure 1 .
The simulations were performed using an Intel® Xeon® Quad-Core E5530 2.4 GHz cluster with 144 GB of RAM. The model was solved using the CFD software Fluent Inc.
ANSYS 16. The geometry was generated with Rhinoceros 5.0, a NURBS-based software.
In general, modelling of the mucus film should be computationally expensive because a very fine mesh is required near the surface to resolve the thin film, and the inter-phase flux needs to be accurately calculated (ANSYS 2015 ) . However, the EWF model calculates a simplified film on the surface, with lower meshing requirements, allowing the use of a relatively coarse mesh. A fully structured mesh was created using the ANSYS Meshing preprocessing module. In this study, different mesh resolutions were used to confirm the gridindependent solution according to a previous methodology (Paz et al. 2013 ). The first cell size of the final mesh was adjusted to attain a dimensionless wall distance (y + ) value of approximately 1. This variable is essential for the suitable coupling between the mesh size and turbulent model used. The used mesh consisted of a structured mesh with approximately 10 6 cells; the near wall grid that had a layer of 15 linear-growth prismatic cells was used to solve the near-wall viscous region with precision.
Flow regimes ranging from laminar to turbulent were expected for the considered flow rates, with the Reynolds number ranging from 0 to 90,000. Thus, the model was used to model the turbulent effects, with the shear stress transport (SST) model enabled (Kleinstreuer & Zhang 2003 ) . Several studies of airway flow simulations have demonstrated that the model can accurately predict the mean velocity distributions, and the SST submodel is recommended for high accuracy boundary layer simulations (Mylavarapu et al. 2009 ). A pressure-based solver was used with the Semi-Implicit Method for Pressure-Linked
Equations pressure-velocity coupling scheme (Doormaal & Raithby 1984 ) . Momentum and turbulence equations were solved using the Quadratic Upstream Interpolation for Convective Kinematics scheme, which is recommended for hexahedral meshes (Leung & Lindted 1995 ) , and a segregated solver was adopted. The Second Order Upwind scheme was used in the
EWF model equations discretisation. In addition, all computations were performed in double precision.
Boundary and initial conditions
The viscosity of mucus secretions in airways obviously varies depending on the tissue and the person and can vary significantly with some diseases. In this study, viscoelastic properties were implemented following the results of Cone ( 2009 ) 
The apparent viscosity of the film layer was updated at each time step with the local values of the wall shear stress using an external routine. The usual mucus thickness value (i.e.
of a healthy person) was 30 μm (Matsui et al. 1998 ; Lai et al. 2009a) , and the initial thickness value was enforced only at the first film time step. The surface tension was fixed at 3 × 10 −2 N/m (Hasan et al. 2010 ; Hamed & Fiegel 2014 ) .
During the cough process, the trachea is deformed due to the high velocity airflow (Malvè et al. 2010 (Malvè et al. , 2011 . The rear muscular membrane of a normal trachea is flexible, and because it is more striking during the cough process, for more realistic results, this deformation should be included in the model as a deformable wall, following the results of Williamson et al. ( 2011 ) , as shown in Figure 3 . For that reason, the trachea geometry was modified by an external routine implementation to reproduce the movement of the flexible membrane coupled with the pressure field values according to Malvè et al. ( 2010 ) . All of the walls were assumed to be smooth with no slip. Gravity was considered with the assumption of a vertical model position in most of the simulated cases (i.e. a standing position). The airflow and film time steps used were fixed at 0.1 and 0.01 ms, respectively. The convergence criterion
employed required that all the variables had scaled residuals below of 10 −3 , as stricter criteria tested didn't produce a modification of the results obtained. The airflow was modelled as a pure, dry, and incompressible ideal gas. Airflow was imposed as a mass flow inlet from the lower trachea to a pressure outlet at the mouth exit.
The cough flow rate curve has been parameterised, with experimental measurements obtained from 25 subjects, in previous work by Gupta et al. ( 2009 ) , following the equations explained in the Appendix 1 .
In this study, the experimental limits of all parameters in healthy people were examined to quantify method functionality. The main inputs of the model are as follows: CPFR, which ranged from 3 to 8.5 L/s; CEV, which ranged from 400 to 1600 mL; and PVT, which ranged from 57 to 96 ms. The minimum and maximum of each value are presented in Figure 4 . 
Computational methodology validation
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Results and discussion
A total of 67 input conditions were simulated using the complete model, and the full range (from minimum to maximum values of healthy people) of the parameters that characterised the cough air flow have been analysed, which are presented in the curves shown in Figure 4 .
Mucus layer thickness was examined, and cough clearance efficiency was evaluated according to Equation ( 7 ) for each thickness. Moreover, the viscosity reduction effect (associated with the mucolytic effect) was considered. Finally, the simulation of healthy person inputs was compared with simulations of different respiratory diseases, including COPD and respiratory muscle weakness (RMW), using the parameters obtained from Sivasothy et al. ( 2001 ) . In all of the simulated cases, the temporal evolution of air flow rate, mucus mass, mucus thickness, and the areas of all parts of the model during the cough cycle were stored as text files and subsequently analysed.
Thickness effect
The thickness of the mucus layer in some hypersecretory airway diseases increases by more than 10 times the healthy thickness values (Clarke et al. 1970 ; Foster 2002 ) . Therefore, the equivalent film layer simulated was changed from 30 to 480 μm. The obtained cough efficiencies are presented in Table 1 . The increase in mucus layer thickness, under the same cough parameters and mucus properties, increases the CE. This effect is associated with a higher clearance capacity of the airflow due to the wall shear stress action and is consistent with empirical knowledge.
Moreover, Table 1 presents the rate of CE increase over thickness: . This rate shows the opposite tendency: with increasing thickness, the rate is reduced. Analysing these results, the increase in mucus thickness due to respiratory diseases is partially compensated by the increase in CE; however, this rate of enhanced efficiency decreases with thicker mucus layers.
Viscosity reduction effect
In this study, the effect of a decrease in mucus layer viscosity was evaluated to confirm the capabilities of the proposed methodology in simulating cough clearance efficiency under Mucoactive medications include expectorants, mucoregulators, mucolytics and mucokinetics (Balsamo et al. 2010 ) . Mucolytic agents reduce the apparent viscosity of mucus (Dippy & Davis 1969 ) . A total of 16 cases were simulated imposing reductions of mucus viscosity from 20 to 80% in the simulations. The considered cases had mucus thicknesses ranging from 30 to 480 μm and different flow rate curves, as shown in Figure   7 . In all of the tested cases, the cough clearance efficiency increased with respect to the 'normal' situation, as shown in Figure 8 . Thus, the viscosity of the film layer is a crucial parameter in the correct modelling of cough clearance, and the quantified viscosity reduction effect could be considered positive. Similarly, the effect of mucolytic agents could be analysed assuming the viscosity reduction effect; these results should be validated with in vivo data. 
Flow rate effect
Airflow rate is one of the most important parameters affecting cough clearance efficiency.
The cough flow rate can be parameterised and associated with different respiratory diseases.
In this section, the results of different diseases associated to specific flow parameters are compared; however, the relationship between cough and diseases is complex because of the presence of many other variables.
People with obstructive lung disease have difficulty exhaling all of the air from their lungs. The most common causes of obstructive lung disease include the following: COPD, which includes emphysema and chronic bronchitis; asthma; bronchiectasis; cystic fibrosis; large airway obstruction (e.g. tumour, stenosis, or foreign body aspiration); bronchiolitis; pulmonary oedema; and carcinoid syndrome. Patients with neuromuscular weakness should maintain a cough assistance process for improving cough effectiveness (Torres-Castro et al. 2014 ). Obviously, there is a considerable range in the presented values; for example, the minimum CE of a healthy person is lower than the average CE of a COPD patient, finding is consistent with the corresponding empirical CPFR values of 310 and 370 L/min, respectively. CPFR may partially explain these results, but it should not be presented as a unique parameter (Szeinberg et al. 1988 ) ; cough clearance and cough flow rate together form a complex phenomenon. For example, the maximum CPFR of a COPD patient (483 L/min) is well below the average for a healthy person (668 L/min), whereas the CEs are similar. Another interesting parameter to compare the differences between respiratory diseases is mucus thickness. It was calculated in its dimensionless form using the initial mucus thickness.
The mucus thickness evolution during the entire cough process in a healthy person and the thickness distributions for healthy individuals and COPD and RMW patients at the end time are shown in Figure 10 . The results suggest that thickness exhibits a behaviour that is opposite of CE. Because the mucus clearance cough is more efficient, the average thickness is smaller; the healthy case presents the smallest final thickness, and the RMW case presents the highest values. Values near 1 are presented in the contours, i.e. the final thickness value is close to the initial thickness, and might be 1 (the final thickness is equal to the initial thickness). In addition to the thickness and flow rate, many other variables, such as mucus viscosity, density, and airways strength, are related to each disease; thus, further experimental and numerical research studies should be performed for each disease.
The effect of gravity was analysed by comparing the results of the minimum and maximum mucus thicknesses simulations with the results of two simulations in a horizontal position (changing the gravity direction). There were no significant differences observed between the standing and horizontal positions for the final thickness, CE, and all global and local parameters analysed.
Conclusions
The proposed methodology for predicting cough mucus clearance allows the simulation and quantification of the overall performance of a complex phenomenon, the cough. The Although not all of the variables involved in the cough process have been considered, the comparison of a healthy subject with patients with specific respiratory diseases (COPD and RMW) has been reproduced appropriately. The proposed model allows for the quantification of the improvement of cough clearance with the reduction of mucus viscosity, an effect that may be associated with the use of mucolytic agents. The effect of gravity in the modelled cases is negligible compared with those of the other mechanisms present in the cough process. This model predicts the evolution of mucus thickness during the cough process and may be used with different diseases or new experimental data. The ability of the proposed model to perform a large number of calculations in a relatively short time suggests that the proposed methodology could be used as a tool to study a large number of clinical cases.
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